Species distribution models were constructed for ten Ixodes species and Amblyomma cajennense for a region including Mexico and Texas. The model was based on a maximum entropy algorithm that used environmental layers to predict the relative probability of presence for each taxon. For Mexico, species geographic ranges were predicted by restricting the models to cells which have a higher probability than the lowest probability of the cells in which a presence record was located. There was spatial nonconcordance between the distributions of Amblyomma cajennense and the Ixodes group with the former restricted to lowlands and mainly the eastern coast of Mexico and the latter to montane regions with lower temperature. The risk of Lyme disease is, therefore, mainly present in the highlands where some Ixodes species are known vectors; if Amblyomma cajennense turns out to be a competent vector, the area of risk also extends to the lowlands and the east coast.
Introduction
Lyme disease, the most frequently reported tick-borne infectious disease in the United States and Europe [1, 2] , is increasingly being reported from Mexico [3, 4] , where disease cases are more prevalent during warm-weather months when ticks are active. The etiologic agent, Borrelia burgdorferi, enters the skin at the site of the tick bite; after incubating for 3-30 days, the bacteria migrate through the skin and may spread to lymph nodes or disseminate through the bloodstream to other parts of the body. While B. burgdorferi infection might be endemic in Mexico [3, 4] it is relatively rare in the southern USA making the question of its biogeography a matter of interest.
Additionally, in Mexico, the epidemiology and biogeography of Lyme disease are not well understood [5] . Several tick species have recently been identified as containing B. burgdorferi using a DNA polymerase chain reaction and, therefore, may be considered as candidates that may be involved in the enzootic transmission cycle in both Mexico and South America. These include tick species from the genus Ixodes [3, 4] as well as Amblyomma cajennense [5, David Beck, personal communication] . While detection of B. burgdorferi DNA by polymerase chain reaction is not 2 Journal of Tropical Medicine indicative of vector competence, the presence of B. burgdorferi in the molecular surveys does indicate a benefit from modeling the distribution of A. cajennense since it has been shown to feed on reservoirs for B. burgdorferi in Mexico. Additionally, the South American A. cajennense has been shown to be a competent vector for Rickettsia rickettsii [6] , the causative agent of Rocky Mountain spotted fever, and has been shown to carry additional Rickettsia species which belong to the spotted fever group [7] .
Ixodes ticks are hematophagous parasites during all active life stages. They have great importance from economic, veterinary, and human health vantage perspectives because of their capacity to transmit a variety of diseases to humans and animals [8] . These species are parasites of birds or mammals. In Mexico, 26 Ixodes species have been identified; these were collected from 20 of Mexico 32 states [9] . The distribution of A. cajennense extends from the southern regions of the United States (Texas) to the Caribbean Islands, and across Central and South America to northern Argentina, excluding the mountain regions [10, 11] . As a consequence, if A. cajennense was to contribute to maintenance of B. burgdorferi in the zoonotic cycle in any way or be a competent vector for a variety of spotted fevers in Mexico, the health impact could be significant. Thus far, A. cajennense has not been found north of latitude 27
• N or south of latitude 29
• S and its geographic range may be limited by temperature [10] . Low temperatures in mountainous areas such as the Mexican Sierra Madre and the Andes may be an obstacle for its establishment. With this restriction, the species is known to survive in regions with very different ecological conditions, spanning from arid grasslands to tropical forests [10] .
The purpose of this paper is to explore the biogeography of Ixodes ticks and A. cajennense in Mexico and the suitability of different ecoregions and habitat types to their potential establishment using species distribution models (SDMs). This technique has been systematically developed to explore vector-borne zoonotic disease ecology and biogeography during the last 15 years [12, 13] , and several studies have applied it to Mexico and nearby regions [14] [15] [16] . The goal was to determine the ecological variables that best predict georeferenced distributional data of a species collected through fieldwork, from museum collections, and so forth. These predictive variables are interpreted as identifying the potential geographical distribution of a species [17] and are sometimes also interpreted as identifying its fundamental niche [14, [18] [19] [20] . When biogeographic, behavioral, and other limitations to dispersal are taken into account, the potential distribution is refined to a predicted (realized) distribution.
For species that are relevant to the transmission of a disease, the relative suitability of different regions within the predicted distribution, as measured on a continuous scale, establishes the relative spatial ecological risk [13, 16, 17] . For vector-borne zoonotic diseases, a composite measure for this risk must include the SDMs of all relevant vector and reservoir species. This risk can then be combined with other measures of risk, including socioeconomic factors and disease case prevalence. A variety of techniques have been developed to carry out such increasingly sophisticated disease risk analyses [17] .
Because of a lack of data on other factors, this study is restricted to SDMs for potential tick vectors of Lyme disease. The aim was to analyze the predicted biogeography and habitat suitability for the Ixodes species, treated jointly, and A. cajennense. Ixodes species seem to be the most likely candidates for the transmission of Lyme disease in Mexico, and A. cajennense has been shown to be a competent vector for multiple tick-borne rickettsioses. Besides establishing the relative risk of the transmission of these diseases from these taxa, these SDMs will also permit prediction of the distributions of potentially epidemiologically relevant vector and reservoir distributions. This will allow the identification of the most likely candidates to transmit B. burgdorferi infections so that future studies can be guided by a better theoretical understanding of the underlying ecology of Lyme disease in Mexico.
A wide variety of techniques exist for SDM construction [21] . If presence-only (rather than presence-absence) data are all that are available, as is typically the case (including this study), machine-learning algorithms provide the most reliable results [21, 22] . These use georeferenced data on species occurrence points and environmental layers as input variables; as output they either provide binary predictions of presence or absence or a continuous measure than can be interpreted as relative habitat suitability. For risk analysis the latter is preferable. For this study, we chose a maximum entropy algorithm implemented in the MaxEnt software package [23] [24] [25] because, besides providing continuous output, its performance has been established as being as good or better than available alternatives [21, 22] . This choice has also become standard in constructing SDMs for systematic conservation planning [26] [27] [28] .
Materials and Methods

Data
Tick Occurrence Data.
Tick occurrence data were compiled from various sources including new field collections and information from prior publications. The field data were obtained from the University of North Texas Health Science Center, The University of Texas at Austin, the Texas Department of State Health Services (TX DSHS) and the Instituto de Biología, UNAM, Mexico. Specimens were identified by morphologic examination and by PCR amplification of 12S rDNA followed by sequence determination of the amplification products using the method of Williamson et al. [29] . All points were georeferenced using the MaNIS protocol (http://manisnet.org/GeorefGuide.html, last accessed 19 June 2011). Additional data came from Dergousoff et al. [30] .
SDMs were constructed for an area including Mexico and Texas, both of which had sparse occurrence records; there were insufficient data to construct reliable models for Mexico or Texas alone. Table 1 lists all the data that were available for all species in Mexico and Texas and is restricted to those used in this analysis, along with the number of points that satisfied the error constraint (see Section 2.2) and the number of such Table 2 shows the number of data that were retained. A conservative threshold of independent data points (i.e., those falling in different cells at the resolution of this analysis) was used for model construction, namely, at least 10 independent cells [17] . SDMs were constructed separately for A. cajennense, but for together 10 Ixodes species (I. boliviensis, I. conepati, I. cookie, I. eadsi, I. kingi, I. marxi, I. scapularis, I. sculptus, and I. texanus) for three reasons: (i) though from this group only I. scapularis has so far been implicated as a vector for Lyme disease, other Ixodes species (e.g., I. pacificus and those of the I. ricinus complex) are also confirmed vectors. Consequently, it remains possible that these others may be competent vectors.
(ii) The provenance of data points suggested that several of these species often cooccur (e.g., I. scapularis and I. sculptus in Texas). Given the sparse data points available, this meant that the geographical range of these potential vectors may be significantly underestimated if the SDMs were constructed separately for each species. (iii) Treating the data points together allowed much more reliable SDM construction because of the higher number of data points available for input.
Following a standard protocol [17] , MaxEnt (Ver. 3.3.4) was run with the threshold and hinge features and without duplicates so that there was at most one sample per pixel; linear, quadratic, and product features were used. The convergence threshold was set to a conservative 1.0 × 10 −5 . For the AUC, that is, the area under the receiver-operating characteristic (ROC) curve, averages over 100 replicate models were computed. For each model the test : training ratio was set to 40:60 following Phillips and Dudìk [25] which means that models were constructed using 60% of the data and tested with the remaining 40%. An acceptability threshold of 0.90 was used for both the test and training AUCs, well above the standard 0.60 used in the literature. Obtaining predicted ranges for the sake of comparisons required the conversion of SDM outputs, which were relative probabilities (specifying habitat suitability) into binary predictions of presence or absence. This was done using a threshold of 0.10 for A. cajennense and 0.12 for the Ixodes group which corresponded to the lowest probability predicted by the SDMs for an occurrence point used in model construction. The threshold was used after normalization of the MaxEnt output in Mexico so that the highest predicted value for occurrence in each model was 1 for at least one cell in the landscape. Figure 1 presents the species distribution model for A. cajennense Figure 2 and that for the present Ixodes group. For the 100 replicate models, for A. cajennense, the average test AUC was 0.91, the training was 0.99; for the Ixodes group, the corresponding numbers were 0.93 and 0.98. Figure 3 presents both distributions together showing their almost complete nonconcordance, which we will refer to as their "complementarity." (Figure 4) , both in the northeast coast of Mexico and both having lowlands and warm temperatures [32] . In contrast, the Ixodes group is predicted mainly in Durango (8.7%), Coahuila (9.6%), Nuevo León (9.9%) ( Figure 5 ), and all of the northern states characterized by the presence of high altitudes and temperate vegetation (see below). Table 4 presents the altitudinal dependence of the two SDMs. Although the complete predicted A. cajennense range is between 0 and 2800 m, most of it (95%) occurs between 200 and 1000 m. This result agrees with Solís [33] who found this species only in areas with altitudes below 1000 m even though, geographically, the species is widely distributed in the warmer parts of Latin America and the Caribbean [33] . However, in Guatemala, an ecological and epidemiological study of ticks [34] recorded that the presence of A. cajennense occurs up to 1400 m in areas with a marked rainy season (six months of rain and six months for dry season) [35] . The SDMs predict an expanded altitudinal range while confirming that the best habitat is between 200 and 1000 m. For the Ixodes group (Table 4) , the complete altitudinal range goes from 200 m to over 5000 m though most of it (98%) is restricted to below 3600 m. The altitudinal range of the Ixodes group thus also complements that of A. cajennense, partly accounting for the geographical complementarity noted earlier. Table 5 shows the ecoregional distribution of the two SDMs (see, also, Figures 6 and 7) . Although both SDMs share ecoregions, A. cajennense presence was primarily predicted for ecoregions such as mangroves and marshes along the coast of Mexico at low altitudes ( Figure 6 ). In Mexico and the United States, this species is found in areas where the mean temperature is around 13
Results and Discussion
Species Distribution Models.
Ecological Suitability.
• -16
• C and the NDVI is high [36] . Relatively low mean temperatures and differences in the seasonal patterns of rainfall may limit this species 6 Journal of Tropical Medicine colonization of areas to the north of its current distribution. Low temperatures are likely keeping the species out of elevated areas, such as the Sierra Madre in Mexico. The southern distribution of A. cajennense appears to be mainly restricted by relatively low temperatures and not by low humidity [36] . Table 6 shows the different vegetation types associated with both models (see, also, Figures 8 and 9 ). Although both SDMs share scrubland as the main vegetation type, 18.7 and 20.0%, respectively, for A. cajennense and the Ixodes group, the former is mainly associated with tropical deciduous and rainforest (17.4%), while the latter is associated with oak and pine-oak forest (23.3%). These predictions agree with Alvarez et al. [35] who collected A. cajennense in tropical wet forests and its transitions. It is likely that suitable A. cajennense habitat consists of warmer areas with moderate precipitation.
Moreover, suitable A. cajennense habitat is predicted to be restricted to areas with more dense or mixed vegetation and tall grass [37] . A study of horse farms showed that pastures were most likely to be infested with A. cajennense when the pasture had mixed vegetation (grasses and shrubs) and was cut less than once per year [38] . In Argentina, A. cajennense was more abundant in forested areas than open areas [39] . In contrast, species from the Ixodes group are typically collected in heavily forested or dense brushy areas.
Conclusion
Species distribution models are potentially a powerful tool for assessing risk from vector-borne diseases [12, 17] . Even in systems as poorly understood as the one examined here, patterns of concordance in geographic or ecologic space can provide testable hypotheses for host, vector, and reservoir interactions besides their associations with habitat type, vegetation, or ecoregion. Such distributional hypotheses can form the basis for field studies, including analyses of specific parameters of species ecologic niches [40, 41] , prediction of species distributions across scenarios of climate change [14, 42, 43] , prediction of species invasions [9, 17, 44, 45] , assessment of patterns of evolutionary change in ecologic parameters [46] , and spatial/epidemiologic stratification of disease endemic areas.
Little is known about Lyme disease and its transmission cycle in Mexico. Assuming that the Ixodes group contains the vectors responsible for transmission, the results presented here identify the geographical regions and ecological characteristics of the regions with the highest potential for transmission: high-altitude low-temperature areas. The SDM also suggests why Lyme disease is relatively rare in the southern United States: the high temperatures of these areas make them relatively less suitable for potential Ixodes vectors.
Should A. cajennense affect the enzootic transmission cycle and assist with maintenance of B. burgdorferi in reservoir species, the area of high risk extends into the eastern lowlands of Mexico where the SDM for this species complements that of the Ixodes group. This result suggests that it is important to test A. cajennense for vector competence using appropriate laboratory methods.
Field efforts are currently under way to collect specimens of potential mammal reservoirs of B. burgdorferi and R. rickettsii. SDMs of these species will permit analysis of spatial correlations between them and the vector SDMs which will permit the formulation of testable hypotheses about the Lyme disease cycle in Mexico.
